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„ (57) Abstract: A fusion protein, derived from P falciparum Glutamaie-rich protein (GLURP) genetically coupled to P. falciparum 
qq Merozoite surface protein 3 (MSP3) was produced in Lactococcus lactis as a secreted recombinant GLURP-MSP3 hybrid protein 
^ and experiments showed that the GLURP-pan of the hybrid increased the overall antibody response. Immunizations with the hybrid 
tT) protein consistently generated a stronger antibody response against the individual GLURP and MSP3 domains than a mixture of 
the two recombinant molecules injected at one site or the individual recombinant molecules injected simultaneously al two different 
^ sites. The difference was most pronounced for the MSP3- specific antibody response suggesting thai T cell epitopes located in the 
^ GLURP RO- region provide help for B-cell epitopes in the MSP3 region. Moreover, when the animals were injected with a mixture 
of GLURP and MSP3, individual mice tended to mount a predominant antibody response against either molecule: in some animals 
GLURP was immunodominant whereas in other animals MSP3 was the dominant immunogen. Additionally, the hybrid was also 
more antigenic than the individual recombinant proteins since the EL1SA- liter of naturally occurring IgG antibodies, in clinically 
Q immune African adults, against the hybrid protein was higher than the titers against the individual recombinant proteins. The hybrid 
^ protein was also demonstrated to be a potential protective antigen as mouse ami -GLURP- MSP3 IgG antibodies were able to inhibit 
^ parasite -growth in viiro in a monocyte-dependent manner. 
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Plasmodium falciparum malaria is a major cause of morbidity and mortality 
worldwide. To evaluate the efficacy of a possible vaccine antigen against P. 
falciparum infection, a fusion protein, derived from P. falciparum Glutamate-rich 
protein (GLURP) genetically coupled to P. falciparum Merozoite surface protein 3 
(MSP3) was produced in Lactococcus lactis as a secreted recombinant GLURP- 
MSP3 fusion protein. The hybrid protein was purified to homogeneity by ion 
exchange and hydrophobic-interaction chromatography and its composition was 
verified by MALDI MS, SDS/PAGE and Western blotting with antibodies against 
antigenic components of GLURP and MSP3. Mice immunized with the hybrid protein 
produced higher levels of both GLURP- and MSP3-specific antibodies than mice 
immunized with either GLURP, MSP3 or a mix of both. The protective potential of 
the hybrid protein was also demonstrated by in vitro parasite-growth inhibition of 
mouse anti-GLURP-MSP3 IgG antibodies in a monocyte-dependent manner. These 
results indicate that the GLURP-MSP3 hybrid could be a valuable strategy for future 
P falciparum vaccine development. 

Author Keywords: Author Keywords: Plasmodium falciparum] Immunogenicity; 
Antibodies; Lactococcus expression 
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A Plasmodium falciparum GLURP-MSP3 chimeric protein; 
expression in Lactococcus lochs* immunogenicity and induction 
of biologically active antibodies 
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Abstract 

PluvnuvJiMi JittrijHirum malaria a a major cause of u»>rbkiiiy and rnooaliry worldwide. To evaluate tbc efficacy of a possible vaccine 
amig ca against V. fuliii>arvm infection. * fusion protein, derived train P. fiJcijturum Ghnaiuatr-ricli protein (GLURP) genetically coupled 
ir> P. faJr iparvm Mcmrnitc rurtacr protein * iMSP3 1 was produced in lannearrus Unix a* a teemed recombinant ( (1 .1 JK**-MSP3 tuxVm 
protein. The hybrid protein war purified lohomogene ir>- by km exchange and h ydrophobic - intend ion chromatography and its composakxi 
was verified by M.U-DI MS. SDS/PaGE anJ Western blotting with anuboUic* against antigenic ivrnojocnu ofGLURP and MSP3. Mux 
immunired with the hybrid protein produced higher levels of hnth (ii.MKH- and MSP^sneciric amihrsjie* than mice immunized wfih 
either GLITIP. MSP3 or a mix of bc«h. The protective potential ot' the hybrid protein was also demonstrated by to vhro paras ne-grcwih 
inhibit ioo of mouse unu-GLL r RP-MSP3 lgG antibodies in a irwnui>ic-depcndcni manner. These results indicate that the CLURP-MSP3 
hvhrid could he a valuable uratepy for future P. plripanm vaccine development. 
O 2003 Elsevier Lid. .Ml rights reserved. 
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The Plasmodium falciparum Glutamate-rich pnnein 
i<JLlfRPi and the Merozoitc surface protein 3 i'MSP3) are 
both targeted by hum. id lgG Hriiibudies. w bicb can inhibit 
. parasite growth eilheT in viim in o nr>i»nc>ne-dq>citdeni 
maimer |1J?1 as well as in vivo by passive transfer in P. 
jttirifxiruniA\\mairi7tt} SCTD mice |3J. The awoctarinri of 
human antibodies against these antigens with clinical pro- 
leclkn is ulso iodicutcd by n ourrinrr of immuoo-cpklctmo- 
lopcal srudies. wnkb ocotoustnflc .'thai, the hrveb of 
GLURP- uod MSP3*spcciik oJoptiilu. aniibbUio HgCl 
and Ir< i3> arc sigoihcajBly associated with a reduced risk of 
malaria tu Lacks |4-6). Tbv majur BhxII epitopes rcvuynucd 
by these human IgG ariuhndies have been kcali/ed 10 coti- 
scrved soqoeoccs in the OU mi'??-**? and MSI*3:u-25? 
regions, rrs^ecwety | lJb->>). 



Tdj +43.3268? 734: t 



C-m*U fJJrra: nxi*uLdi CM. Tbciwo^ 



- w keen Q&oer C* 2 
ddi:IO.I&t6r>«aeeiflt JUOSMM 7 



: +4S?26SJ03?. 



Since vaccines based on CiLUKP and MSP3 aim at indue* 
tug the same type of immune responses, ix. high levels uf 
cyinptuiic ojuibndtes, we derided to produce the rrsjxxtTve 
CiUIRP>5_?oo and MM^jiv.^ regions together as a re- 
combtnunl hvbrid-prukrin in Lortexoceuf Ian is. This hybrid 
offers the possihUiry to investigate the vaccine potential of 
both antigens in single mununicaiiuns and can poteniially 
increase the immDoogenieity by combining a wider range 
of B and T helper cell epitopes. Different regions of these 
atilrgcus have previously been produced in Fj* hr.rirhia 
coli fused to vuruwo afunhy-tags 1 10-121. Whereas such 
additional sequences are acHnnlagomis for purihrarion 
they also nose a potential problem because host immune 
responses ma)* he biased by foreign seo^ienvo. II is. there- 
fore, desirable to explore expression systems, which aim to 
produce the recombinant protein without a vector -encoded 
affioiryiog. L lactis was choaro as exp r es s ice host because 
10 it is e weU characiemed industrial miaocegHiusnx gen- 
crafly rccogm?ed as safe fGRASV best knou*n for its use 
in the production of fermented dairy prod uc ts, (u) it can be 



BNSOOCtO: cXP 44S3382A_L> 



XP-002273865 



r 



Sauuf. 7. Immunol. 56, 327-343. 2002 



REVIEW 



Malaria Vaccine: Candidate Antigens, Mechanisms, Constraints 
and Prospects 
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Carvalho UM, Daniel- Ribeiro CT, Goto H. Malaria Vaccine: Candidate Antigens, Mechanisms, 
Constraints and Prospects. Scand J Immunol 2002;56:327-343 

More than 30 years after the first report of successful vaccination against malaria using radiation- 
attenuated sporozoites, an effective malaria vaccine is not yet available. However, field and experi- 
mental data indicate that it can be developed. An astonishing amount of data has accumulated 
concerning parasite biology, host-parasite interactions, immunity and escape mechanisms, targets 
and modulators of immune responses. Nevertheless, so far this knowledge has not been enough to 
make us understand how to properly manipulate the whole system to build an effective vaccine. In this 
article, we describe candidate antigens, mechanisms, targets and trials performed with potential 
malaria vaccines and discuss the approaches, in vivo and in vitro models, constraints and how 
technologies such as DNA vaccination, genomics/proteomics and reverse immunogenetics are provid- 
ing exciting results and opening new doors to make malaria vaccine a reality. 

Dr L-J. M. Carvalho. Laboratory of Malaria Research, Department of Immunology. Instituto Oswaldo Cruz. 
Ftocruz. Av. Brazil 4365. Manguinhos. 21045-900 Rio de Janeiro. RJ. Brazil. E-mail: leojrncQiocfiocruzJbr 



THE MALARIA PROBLEM 

Mankind has stepped into the 21st century and diseases such 
as malaria still represent a major threat to populations in 
many parts of the world. The exact extent of the malaria 
problem is not known, but several estimates provide a 
gloomy picture of the situation [1J. It is estimated that 
between 400 and 900 million febrile episodes occur every 
year only in African children, with a minimum of 750.000 
deaths (probably up to 3 million). In addition, oonsevere 
cases yet cause considerable morbidity in acute or chronic 
disease, with serious socio-cconomical consequences. Sub- 
Saharan Africa is the most affected region in the world, 
but malaria is also a serious problem in several other places, 
such as South-East Asia, Oceania, Middle East and Latin 
America. Historically, in the late 1940s, there was great 
optimism in the fight against malaria, mainly owing to the 
introduction of dtchlorodiphenylirichlorocihanc (DDT) 
for vector control and of chloroquine as a very efficient 
antimalarial drug. These and other available control tools 

© 2002 Blackwell Science Ltd 



prompted the World Health Organization (WHO) to launch 
a campaign for complete maJaria eradication. The campaign was 
very successful in places such as Mediterranean countries and 
even many regions in the tropics. In BrazO, for instance, the 
number of cases per year dropped from nearly 6 million in the 
1940s to around 37,000 in 1962 [2] and became restricted to the 
Amazon region. But since then, malaria has seen resurgence and/ 
or is spreading in many areas; in the Amazon region of Brazil the 
number of cases per year increased from nearly 37,000 in 1962 to 
around 600,000 in the late 1990s. Indeed, already in the 1960s it 
became dear that eradication was not feasible, and the WHO 
strategy was switched, aiming to control rather than to eradicate. 
Environmental conditions, population habits and living condi- 
tions, migratory movements of people to endemic areas, regional 
development projects, resistance of parasites to drugs and of 
mosquitoes to DDT, among other factors, greatly favoured the 
maintenance of malaria m the endemic regions. Ail the difficulties 
concerning malaria control justify the search and adoption of 
new tools and measures to minimize the impact of malaria on the 
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DEVELOPMENT OF A HETEROLOGOUS GENE 
EXPRESSION SYSTEM FOR USE IN 
LACTOCOCCUS LACTIS 

A Novel Gram-positive Expression System 



Key words: Lactococaa toe*, tactic acid bacteria, Gwr^posibve. heterologous geoe expression, 
recombinant proteins, P 170 promoter, secretion, vaccine antigens. 

Abirract. We nave developed a gene expression system for use in the lactic ecid bacterium Uctococcus 
Uxns The expression is controlled by the L toe* promoter, PI70, which is up-regulated by low^H 
during the transition to stationary phase, The P170 piornottr ia coupled to a modified L lactU signal 
peptide, SP310mut2, to mediate secretion of the recombinant protein. Opumtsauon of genetic 
components, growth conditions and medium composition has resulted in the production of approximately 
300 mg of secreted protein per litre culture. We have successfully produced a number of heterologous 
proteins from both prokaryouc and eukaryotic organisms. The system is currently used for the production 
of bacteria] vaccine components for use in humans, 

1. INTRODUCTION 

Lactic acid bacteria have been used for centuries far the manufacturing of fermented 
foods and are therefore Generally Eecognised As gafc (GRAS) organisms. They are 
acid tolerant and acidify their own environment by converting fermentable 
carbohydrates, e.g. lactose or glucose, primarily to lactic acid. All lactic acid 
bacteria are grouped within the Gram-positive eubacteria. 

The outer cell membrane of many Gram-negauve bacteria, e.g. £. coli. contains 
hporjolysacxharides, LPS, which are pyrogenic in humans and other mammals. The 
LPS are generally referred to as endotoxins. The presence of endotoxins m the 
production of recombinant proteins in Gram-negative bacteria poses considerable 
difficulties during product purification (for review, see Petsch and Anspach, 2000). 
Gram-positive bacteria do not have an outer cell membrane and do not produce 
endotoxins. Like most other Grain-positive bacteria, Laciococcm laclis is capable of 
secreting proteins to the extracellular environment. This is in contrast to Gram- 
negative bacteria in which the majority of secreted proteins is destined for the 
periplasmic space. L laclis secretes a small number of proteins. Consequently, the 
supernatants into which the heterologous proteins are secreted are largely free of 
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The Glutamate-Rich Protein (GLURP) of Plasmodium falciparum 
Is a Target for Antibody-Dependent Monocyte-Mediated 
Inhibition of Parasite Growth In Vitro 

MICHAEL THE1SEN, 1 SOE SOE,^ CLAUDE OEUVRAY, 2 ALAN W. THOMAS, 3 JENS VUUST, 1 
STEFFEN DANIELS EN, 1 S0REN JEPSEN, 1 and PIERRE DRU1LHE 2 * 

Department of Clinical Biochemistry, Si a tens Serwninstitut, DK-2300 Copenhagen S, Denmark 1 ; 
Labomtoire de Parasitologic Medicate. Institut Pasteur, Paris, France 2 ; and Department 
of Parasitology, BPRQ 2288 CI Rijswijk, The Netherlands* 

Received 27 May 1997/Returoed for modification 23 Jury 1997/Acccpted 9 October 1997 

Monocyte -de pendent as well as direct inhibitory effects of antimalarial antibodies point toward antigens 
accessible at the time of merozoite release as targets for biologically active antibodies capable of mediating 
protection against Plasmodium falciparum. The gluta mate* rich protein (GLURP), being an antigen associated 
with mature schizont-infected erythrocytes, was therefore the object of the present investigation, in which we 
analyzed whether anti-GLURP antibodies can either interfere directly with merozoite invasion or act indirectly 
by promoting a monocyte-dependent growth inhibition, antibody-dependent cellular inhibition. GLURP-spe- 
cific human immunoglobulin G (IgG) antibodies, from pooled IgG of healthy Liberian adults who were 
clinically immune to malaria, were purified by affinity chromatography on columns containing R0 (N- terminal 
noDrepetittve region of GLURP) or R2 (C-termioal repetitive region of GLURP) recombinant protein or 
synthetic peptides as ligaods. Analysis of the pattern of reactivity of highly purified anti-GLURP antibodies led 
to the definition of at least four B*cell epitopes. One epitope was specific for RO, two were specific. for R2, and 
the fourth displayed cross-reactivity between RO and R2. None of the purified IgG antibodies bad direct 
invasion-inhibitory effects, even at high concentrations. In contrast, when allowed to cooperate with monocytes, 
all anti-GLURP IgG preparations mediated a strong monocyte-dependent parasite growth inhibition in a 
dose-dependent manner. 



Epidemiological surveys performed in areas of intense ma- 
laria transmission have consistently shown that individuals who 
are continuously exposed to repeated malaria infection grad- 
ually develop clinical immunity (14, 20, 29). This acquired 
immunity is strong, although incomplete, and is nonsteriltzing 
(3, 25, 26). Experiments with antibodies purified from the sera 
of African adults who were clinically immune to malaria and 
given by passive transfer to susceptible children have estab- 
lished that immunoglobulin G (IgG) is at least a main compo- 
nent of defense against the asexual blood stage of Plasmodium 
falciparum (5,9, 11). Recent passive transfer experiments have 
enabled us to acquire clinically demonstrated protective anti- 
bodies from the donor and nonprotectrve antibodies from the 
recipients. These sets of antibodies were used to assess the 
extent to which the in vitro data correlated with the in vivo 
results for each recipient isolate (5). Results from these in vitro 
studies suggested that clinically protective antibodies had little 
direct effect on merozoite invasion, but that they could act in 
conjunction with blood monocytes to contain parasite multi- 
plication. This mechanism was called antibody-dependent eel- 
lular inhibition (ADC1) (5, 17, 19). 

The assay provides a screen to select molecules which may 
be targeted by clinically effective antibodies. Further experi- 
ments have indicated that antibody-monocyte cooperation in 
parasite inhibition is mediated not through parasite opsoniza- 
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lion but rather through indirect effects. These activities were 
mediated by soluble monocyte -derived substances whose re- 
lease was triggered through monocyte interaction with cyto- 
philic antibodies bound to merozoite antigens (7). A critical 
role for merozoite surface molecules in this mechanism is also 
supported by the identification of Msp3, a new molecule from 
the merozoite surface, when an expression library was screened 
by ADCI (23). 

Based on the published immunoepidemiological data for the 
glutamate-rich protein (GLURP) (4, 12, 13, 15) and the report 
that this molecule is located on the surface of the merozoite 
(2), we chose to investigate the potential of affinity purified 
anti-GLURP human IgG in assays of direct parasite inhibition 
and to compare this with activity in ADCI assays. 

MATERIALS AND METHODS 

Antigens. Tbc two recombinant GLURP fragment*. GLURP*.^*, (R0). and 
GLURPw.,,7, (R2). were purified as previously described (27). The five pep- 
tides, GL8 (GGPKLRGNVTSNIKFPSDNKGK | amino acids (as) 36 to 371). 
GL6 (KONSQIPSLDLXEPTNEDI |aa 309 to 3770. GL9 (PNFVDSOPNPQE 
PVEPSFVKJEKVPSEEN [aa 732 lo 7601), GLS (EFKEINEDDKSAHIQHE 
IVEVEEJLPEOD |aa 853 lo 881 J), ami GL7 (KNKXXSSFTTYISTKKFX (aa 
12)5 to 1232)) cor r espond to repetitive as well as ooorcpcuijvc regions of 
GLURP. The peptides MSP- 3b and RESA have been described previously (23). 
Synthetic peptides were produced according to standard peptide synthesis pro- 
cedures (22). Cleavage and deblocking used uifluororhethancsulfonic acid fol- 
lowed by an etber wash. 

lmoBDoprecipitatkra. Metabolic labelling and immunoprecipiuuoo of P. fal- 
ciparum polypeptides were performed as described previously (27). Immunopre- 
ripiiatioTJS were performed as follows. Affinity- purified human anb-RD and an- 
d;R2 antibodies ((Tactions 1 and 2) were added to (L5 ml of whole-cell fysate or 
to 250 id of culture supernatant plus 250 mJ of 2x radJcdinxnunoprecTpiiaiion 
- assay (RIPA) buffer (lx RJPA buffer is 50 mM Tris-HO |pH 8.0L 150 mM 
NaO ( 19b Nonidet P-40. 0.5% decuyiholu: acid, and a 1% sodium dodecyt sulfate 
|SDSJ). and the manures were incubated overnight at 4*C with rotation. Seventy* 
five microliters of a 50% suspension of protein A Sepharose beads (Pharmacia, 
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Association between Protection against Clinical Malaria and 
Antibodies to Merozoite Surface Antigens in an Area of 
Hyperendemicity in Myanmar: Complementarity between Responses to 
Merozoite Surface Protein 3 and the 220-Kilodalton 
Glutamate-Rich Protein 
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We performed a longitudinal clinical and parasitologies! follow-up study in OoDo, a village in southeast Asia 
in which malaria is hyper-endemic, in order to assess the association between protection against malaria 
attacks and antibodies to three currently evaluated vaccine candidates, merozoite surface protein 1 (MSP1), 
MSP3, and the 220-kDa glu tarn ate- rich protein (GLURP) from Plasmodium falciparum. Our results showed 
that the levels of cytophilic immunoglobulin G3 (IgG3) antibodies against conserved regions of MSP3 and 
GLURP were significantly correlated with protection against clinical P. falciparum malaria. In contrast, the 
levels of noncytophilic lgG4 antibodies against GLURP increased with the number of malaria attacks. 
Furthermore, we observed a complementary effect of the MSP3- and GLURP-s pacific ]gG3 antibodies in 
relation to malaria protection. In the individuals that did not respond to one of the antigens, a strong response 
to the other antigen was consistently detected and was associated with protection, suggesting that induction of 
antibodies against both MSP3 and GLURP could be important for the development of protective immunity. 
The complementarity of the responses to the two main targets of antibody-dependent cellular inhibition 
identified to date provides the first rational basis for combining these two antigens in a hybrid vaccine ' 
formulation. 



In regions where malaria is hyperendemic, adults develop 
potent but nonsterile immunity against malaria in which indi- 
viduals chronically harbor low-grade parasitemia and only oc- 
casionally suffer from mild clinical malaria* a clinical state 
known as premunition (12, 24). Antibodies have been repeat- 
edly shown to play an important role in the development of 
premunition (20, 26), and numerous immunological studies 
have suggested that human antibodies of the cytophilic sub- 
classes (immunoglobulin Gl pgGl] and IgG3) are particularly 
critical in this respect (2, 5, 6, 18, 21, 27, 28, 30). This anti- 
parasite immunity is a strain-independent, nonsterilizing type 
of immunity which is acquired after lengthy exposure (ca. IS to 
20 years) to the parasite. It is commonly observed in Africa and 
in some parts of Papua New Guinea, but it has only recently 
been documented in southeast Asia (29). Although antibodies 
can act directly upon merozoite invasion of red blood cells 
(reviewed in reference 4), the most efficient in vivo mechanism 
for antibody-mediated parasite control in areas where the dis- 
ease is endemic requires the participation of monocytes (16, - 
17). The antibody-dependent cellular inhibition (ADO) assay 
mimics this cooperation between monocytes and cytophilic 
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parasite-specific antibodies, and AD CI appears today to be the 
best in vitro surrogate marker of acquired immunity against 
Plasmodium falciparum blood stages (11). Two molecules have 
been identified as targets of human antibodies that are effec- 
tive in ADQ; these molecules are the 48-kDa merozoite sur- 
face protein 3 (MSP3) (22) and the 220-kDa glutamate-rich 
protein (GLURP) (31). Several immunoepidemiological stud- 
ies performed in geographically separated areas of Africa have 
demonstrated that high levels of GLURP- and MSP3-specific 
cytophilic antibodies are significant predictors of protection 
against clinical malaria (10, 23), providing epidemiological 
support for die concept that antibodies against GLURP and 
MSP3 can actively control parasite multiplication in vivo by 
cooperation with cells bearing FcyD receptors (6). These re- 
ceptors exhibit higher affinity for the IgG3 subclass than for the 
IgGl subclass (25). The B-cell epitopes recognized by these 
human antibodies have been mapped within both the GLURP 
and MSP3 molecules, and nucleotide sequencing has demon- 
strated that these important epitopes are highly conserved in a 
number of P. falciparum laboratory lines and field isolates from 
Africa and Asia (8, 15, 19). In view of the conservation of the 
epitopes, we investigated whether cytophilic antibodies against 
GLURP and MSP3 are involved in the development of immu- 
nity to clinical malaria in an Asian population in Myanmar, as 
they have been reported to be in Africa (i.e., in a different 
human and parasite genetic background). Since numerous re- 
ports have argued that antibodies against the C terminus of 
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Abstract 

The immunogen iciiy and protective efficacy of various amigen-adjuvam formu- 
lations derived cither from the merozoite-surtace protein-3 (MSP-3) or the 
glutamate-rich protein (GLURP) of Plasmodium falciparum were evaluated in 
Saimiri sciureus monkeys. These proteins were selected for immunogenicity 
studies based primarily on their capacity of inducing an antibody-dependent 
cellular inhibition effect on parasite growth. Some of the 5. sciureus monkeys 
immunized with MSP-3 2 i2-3*o-AS02 or GLURP27-500 ^u^n were able to fully 
or partially control parasitaemia upon an experimental P. falciparum [Falci- 
parum Uganda Palo Alto (FUP-SP) strain] blood-stage infection, and this 
protection was related to eke prechallenge antibody titres induced. The data 
arc indicative that MSP-3 and GLURP can induce protective immunity against 
an experimental P. falciparum infection using adjuvants that arc acceptable for 
human use and this should trigger further studies with those new antigens. 



Introduction 

The role of antibodies in the immunity against the blood 
stages of Plasmodium falciparum malaria has been well 
established by passive transfer experiments performed by 
Cohen and McGregor [1] and later by Bouharoun-Tayoun 
and coworkers [2J. In the latter, immunoglobulins (Igs) 
obtained from malaria immune African individuals caused 
striking decrease in parasitaemia when passively transferred 
to nonimmune Thai patients. The same Ig preparations 
active in vivo were unable to direcdy inhibit parasite 
growth in vitro but showed a strong inhibitory effect 
when allowed to cooperate with human monocytes in an 
antibody-dependent cellular inhibition (ADO) fashion. 
The ADC! assay has thus been considered a good in 
vitro correlate of antimalaria immunity acting in vivo [3] 
and has since been used to screen for potential malaria 
vaccine candidate antigens. Antibodies against mcrozoi re- 
surface protein-3 (MSP-3) [4] and glutamate-rich protein 
(GLURP) 15) strongly inhibit P. falciparum growth in 



ADO assays. Evaluation of the fine specificity of affinity 
purified anti-MSP-3 and ami- GLURP antibodies revealed 
that those directed against the MSP-3b and P3 epitopes 
mediated the strongest ADCI effects [4, 6]. Imrauno- 
epidemiological studies have demonstrated that high 
levels of cytophilic MSP-3- and GLURP -specific antibo- 
dies are significantly associated with protection against 
P, falciparum malaria [4, 7, 8]. The B-ccll epitopes that 
are targeted by these human antibodies are highly con* 
served among isolates from different geographical origins 
[9, 10], suggesting that they are functionally constrained 
and not subjected co selection for variation. Such charac- 
teristics support the further evaluation of MSP-3 and 
GLURP as malaria vaccine candidate antigens. In the pre- 
sent work, we have proceeded to a preliminary preclinical 
evaluation of several constructs derived from MSP-3 and 
GLURP in combination with different adjuvants in the 
New World primate Saimiri sciureus, which is together 
with Actus [11, 12], one of the WHO recommended 
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1M-95 - IMMUNIZATION OF SAIMIRJ 5CTUREUS MONKEYS WITH MSP-J AND CLURF, TWO PLAS- 
Af ODIUM FALCIPARUM ANTIGENS TARGETS OF PROTECTIVE ANTIBODIES 

CarvaJho, LJJA. 1 , Olivein* S.G. 4 , Alves, FA 3 , BrimdcJ M,C Andradc, MX. 2 . Sih/a, V.F, 2 . Povoo 4 . M.M.. 
Souza 4 , J.M^ Muniz. JJi.\ Oeuvray, C. $ . 1 neisen. M.* Jensen, S.* Druilhe, P. 5 & Ifenicl-Ribciro, C.T 1 
1 Laboratorio de Pesquisas on MaJaria, Ustituto Oswaldo Cruz and J Centn> de Primarologia - CECAL - Fiocnn. Rio 
dc Janeiro. RJ; *Ccntro National de Primal** and 4 lnstiniU) E vsndro Chagas - FNS, Be 16m, PA - Brazil; 5 ln«itm 
Pasteur, Peris, Frmncc; ^tau Scrununsiitut, Copenhagen. Denmark. 

Merozoiie Surface Proteio-3 (MSP-3) and Gfaitamatc Rich Protein (GLURP) of P falciparum arc considered 
malaria vaccine candidates due to characteristics such as wide recognition by human irrunurto sera and ability of 
antibodies against them to inhibit P. falciparum growth in vitm in Antibody Dependent Cellular Inhibition (ADC!) 
assays. The objective of this work is to perform pre-clinical evaluation of constructed antigens derived from MSP- 
3 and GLURP in combination wfifc several adjuvants in the Suurun sdureux monkey, one of the WJi.O.-recom- 
fuended non-human phmaxe models for studies on malaria. 

Five antigen-adjuvant combinations have been used: a) MSP-3: DG2 1 0»Incomp1et Freund's Adjuvant (IF A) and 
MSP-3 Cncsminus in association with: Ribi, Montanidc or SBAS2; b) GLURP; RO-ahun (At(OH>J_ Each group 
received 4 or 5 shots in a lime interval of 6 to 10 months. Immune response has been analyzed by EL1SA V immunof- 
luorescence (If AT), mununoblotting and ADCL 

Results obtained so fer have shown that alt anrigen- adjuvant combinations are able to elicit high serum tares of 
antibodies directed against the UTimunogen, as detected in ELLSA. However, the same sera showed very poor or no 
recognition or the parasite in 1FAT or immunoblot assays; in addition, they were not able to inhibit P. falciparum 
growth in ADO, whereas JgG or anu-MSP3 antibodies purified firam sarmiri immune sera showed strong effect. 

We currently perform deeper irnmunological analysis of sera from immunized animals (cytokine dosage. ADCt 
ffAT, immunoblot); data will be compared with similar analysis perfmmcd with sera and purified antibodies front 
sauniris bypcrimmunized by repeated infections, which may lead to the njuimtzation of formdations to be used in 
further studies. 

Financial Support; European Commission, lOC-Fiocruz, CNPq. 
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In most fields of medicine, experimentation starts with studies in vitro, moves to animal models and 
eventually proceeds to research on humans. Malaria provides a good example of the limits of this 
progression. The most important malarial parasite of man, Plasmodium falciparum, only infects man. The 
specificity of this relationship accounts for the many differences which exist between artificial models of 
falciparum malaria and natural infections. Ultimately, human infections appear to be the sole, relevant 
•model' for the study of humzn-Plasmodium interactions. Immunoglobulin-transfer experiments, for 
example, clearly indicated that antibodies mediated the state of acquired immunity called premunition. 
However, further studies m vitro or in animal models led to conflicting results about how the antibodies 
acted. Transfer experiments in human volunteers, appropriately coupled to in-vitro studies, seemedthe 
only way to help solve this issue. The design of these investigations, with its technical and ethical aspects, 
is reviewed here, along with the main published and unpublished results. The identification of a 
monocyte-mediated, antibody-dependent (AD CI) mechanism led to a new merozoite-surface antigen 
(MSP-3) being identified and provided an explanation for the long delay in the acquisition of protection. 
It appears that experiments in humans not only help to confirm indications obtained using animal models, 
but can also have a truly exploratory role, since they can both raise completely new issues and provide 
answers to them. 



" Several years ago, what was then considered to 
be a somewhat odd and old-fashioned exper- 

. irrient was performed (Sabchareon et a(. r 
1991). This reproduced earlier, passive trans- 
fers of immunoglobulin (IgG) in subjects in- 
fected with Plasmodium falciparum (Cohen 
et a/., 1961; McGregor et a/., 1963). It was 
hoped that this and similar experiments, if 
appropriately coupled to in-vitro studies, 
would help in identifying the mechanisms 
underlying naturally acquired, protective im- 

♦ E-mail: druilhe@pasteur.fr; fax: +33 I 4568 8640. 



munity against P. falciparum. The experiment 
was also intended to be the first step in a novel 
approach to vaccine design, which would rely 
solely on the study of human— Plasmodium in- 
teractions and not on infections in animal 
models. One critical aspect of this exacting 
study was to define the ethically acceptable 
conditions, in accordance with current regula- 
tions, for limited experiments with passive 
transfer of human antibodies from immune 
individuals to patients with P. falciparum in- 
fections. The rationale and constraints of this 
approach, and the new knowledge that it 
brought, are reviewed below. 
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™»8 * endemic areas. Moreover hunZl^ 
mediated by monocytes. 

m mice, were all found to promote parasite tailing 
Keywords: malaria , Plasmodium falciparum • merozoite - MSP-3 



As a means to select for molecules : capable of 
inducing protective immunity to malaria, we have 
chosen to rely on those mechanisms mediating 
premutation, a raturaUy-occurring type of protec- 
tion, which is known to be acquired progressively 
by UKfavrduak repeatedly exposed to Plasmodium 
falciparum. We have shown previously that an- 
tibodies from protected adults had no major effect 
upon parasite invasion and growthinredblood cells 
5R ^S^^y^^^tibpdy-dependeJ 
cellular mhibition (ADO) effect mediated byblood 
monocytes (Druilhe & Bouharoun-Tayoun 1992) 
^ r td ^-*:.m*&'&^ protection was 
coiifirmed by; passively ,tr^enmg immunity in 
humans by means of ^ ^O^^abcharebn et aj! 1991) 
and by forming [in .wW wrVelations; with the 
b^.ca^terial^lject^^ g ::^^ ve 
transfer (Bouharoun-Tayoun et iCft^&jftfi 

. ...monocytes, ^iso^.d&feb^^f^fe^^- 
, icytophilic IkG2 and / or IpM sS&i; 




die main isotypes produced by protected individuals 
(Bouharoun-Tayoun & Druilhe 1992) 

On the basis of the malaria polypeptides recog- 
nized by cytophihc/non-cytophilic antibodies and 
Uie results of in vitro screening with the AD CI 
assay, we identified a merozoite surface protein, of 
48 kDa molecular weight, and characterized its B 
and T epitopes. 

RESULTS 

IDENTIFICATION OF THE 48 KDA PROTEIN 

™ °^ monoclonal antibody of IgM class which 
weproducedpreviously(Soulieretal. 1982) was the 

.k « d 31,10,18 ^ able to block 

the ADQ effect mediated by protected adult IrG 
When used to screen a P./alciparumDNA library 
^rm-Marchand et WWft this mAb did not 

^VaWe tp sh pw,a P^itive^eiuli,wim iu,tive 
p^^byrFAamJ.to; compete>wiuv btheTan! 
M"^^ recognition^ Native proteins in 
bio-assays (ADO); it was AMhm tA^JL. -~,..T 
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Abstract 

We have recendy described that sustained Plasmodium falciparum growth could be obtained in 
immunodeficient mice. We now report the potential of this new mouse model by assaying the 
effect of the passive transfer of antibodies (Abs) which in humans have had a well-established 
effect. 

Our results show that the total African adult hyperimmune immunogjobulin Gs (HI-IgGs) 
strongly reduce P. falciparum parasitemia similarly to that reported in humans, but only when 
mice are concomitandy reconstituted with human monocytes (HuMNs). In contrast, neither 
HI-IgGs nor HuMNs alone had any direct effect upon parasitemia. We assessed the in vivo ef- 
. feet of epitope-specific human Abs affinity-purified on peptides derived either from the ring 
erythrocyte surface antigen (RES A) or the merozoite surface protein 3 (MSP3). The inocula- 
tion of low concentrations of anti-synthetic pepdde from MSP3, but not of anti-RJESA Abs,. 
consistendy suppressed P. falciparum in the presence of HuMNs. Parasitemia decrease was 
stronger and fester than that observed using HI-IgGs and as fast as that induced by chloroquine. 
Our observations demonstrate that this mouse model is of great value to evaluate the protective 
effect of different Abs with distinct specificity in the same animal, a step hardly accessible and 
therefore never performed before in humans. 

Key words: mouse model • protective immunity • antibody-dependent cellular inhibition • 
merozoite surface protein 3 • ring erythrocyte surface antigen 



Introduction 

Malaria due to Plasmodium falciparum causes the highest 
mortality in individuals living in endemic countries. The 
development of weapons, particularly vaccines, to fight this 
major public health problem has been severely hampered 
by the lack of a suitable in vivo model. Only a very small 
number .of primate species are receptive to P. falciparum, 
which scarcity and cost preclude any widespread use (1-3). 

Animal models for falciparum malaria in immunodefi- 
cient, chimerical mice have been described recendy (4—6). 
We used mice bearing the mutations beige, X-linked im- 
munodeficient, and nude (BXN) affecting the T and B cell 
functions. In this model, the partial depletion of circulating 
and tissue phagocytes was crucial to the successful grafting 
of human red blood cells (HuFJBCs) and to the develop- 
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ment of the erythrocydc cycle of P. falciparum (4). After our 
initial report, further progress was made in controlling 
mouse macrophages which resulted in obtaining consis- 
tendy long-lasting, stable parasitemias. In the BXN mice, 
the morphology of the P. falciparum parasite and the re- 
sponses to currently employed antimalarial drugs were sim- 
ilar to those observed in humans (Moreno, A., E. Badell, 
N. van Rooijen, and P. Druilhe, manuscript submitted for 
publication), therefore confirming the validity of this in 
vivo P. falciparum model. 

In view of the need to improve the understanding of 
host-parasite interactions for vaccine development, we 
evaluated the relevance of this P. falciparum mouse model 
for the analysis of the effects of different components of the 
human immune system on the parasite. There is consider- 
able in vivo evidence that the IgG constitutes an efficient 
protective arm of the immune system against P. falciparum 
erythrocytic stages in humans (7-9). Therefore, passive 
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Summary 

A complex of polypeptides derived from a precursor is present on the surface of the malaria 
merozoite. During erythrocyte invasion only a small fragment from this complex is retained 
on the parasite surface and carried into the newly infected red cell. Antibodies to. this fragment 
will interrupt invasion. 



Proteins on the surface of malaria merozoites are targets 
of an immune response and are candidate vaccine com- 
ponents. The precursor to major merozoite surface antigens, 
referred to here as MSPl (merozoite surface protein 1) is syn- 
thesized during schizogony and is present on the merozoite 
as a complex of fragments derived by proteolytic processing 
(1, 2). An 83-kD fragment, MSPI43 can be isolated from 
culture supernatant*, and mAbs specific for MSPtaj do not 
react with newly invaded (ring-stage) parasitized erythrocytes 
in an immunofluorescence (XF) assay (2-3), suggesting that 
this part of the complex is shed during the invasion process. 
A second group of MSPl-rnAb do react in IF with ring forms, 
and all appear to react with reduction-sensitive epitopes on 
a COOH-termioal 42-45-kD fragment (MSPl 42) and a 
16-19-kD polypeptide subfragment (MSPl 19) from the 
cysteine-rich COOH terminus of the precursor (2, 4-6). There 
is evidence that a MSPl-specific immune response can pro- 
tect against blood-stage challenge (1, 7), and certain mAbs 
to either the Plasmodium falciparum MSPl or horoologues in 
other species have been shown to inhibit the growth of the 
parasite in vitro (8-9) or protect on passive transfer in vivo 
(10-12). The function of MSPl is unknown, although it may 
be involved in red cell invasion, possibly in a receptor role (13). 

Here we demonstrate that MSP19 is specifically carried 
into the red cell and that antibodies to this fragment can in- 
hibit invasion. These observations suggest that processing 
. must take place for merozoite invasion to proceed. 

Materials and Methods 

Antibodies. MSPl-specific mAbs were used: 12.1 and 13.2 (anti- 
MSPlu); 13.1 and X509 (anti-MSPU N-tertninus); 7.5. 12.8, and 



12.10 (anti-MSPl* COOH terminus and MSP1») (2). mAb 13.4 
(antj-M5P2, merozoite surface protein 2, 46- kD antigen) and 13 Jo 
(anti-lactate dehydrogenase) were used as controls (14). X509 is 
a product of a human EBV- transformed cell line derived from a 
Gambian donor (Blackman, M.J., et at, m a nu script in preparation). 

Parana P. falciparum, strain FCB-1, and clones T9/94 and 
T9/96 were maintained essentially as described previously (3), and 
synchronized by a combination of sorbitol and fercoll treatments 
when appropriate. 

Immunoekxtton Microscopy. P, falciparum (FCB-1 strain) cultures 
M h after invasion and containing 50-60% ring forms were fixed, 
cryosectianed and incubated with ascitic fluid containing the mAbs. 
Antibody binding was revealed by incubation with rabbit anti- 
mouse Ig and protein A-gold. After washing in PBS, sections were 
stained with 2% uranyl acetate and viewed id a JEOL 10OB elec- 
tron microscope (15). 

Production of Merozoites and Sapontn-tned Rings. Merozoites were 
harvested at 1-1.5 h intervals from cultures enriched for schizonts 
(85-90% parasitaemia at a hematocrit of ~0.2%) and washed io 
PBS containing the following protease inhibitors: 1 mM PMSF, 
2 mM tosyl-L-lyrinc chloromethyl ketone (TICK), 0.1 mM tosyl- 
L-phenylaianioe chloromethyl ketone (TPCK), and chymostatin, 
leupeptin, antipain, and aprotinin (all at 10 fig/ml). 

To prepare ring-stages, schizonts were cultured in the presence 
of fresh, washed erythrocytes at 2% hematocrit (15-20% para- 
sitaemia). After 7 h the cells were centrifuged twice over 67.5% 
isotonic PercoU to remove any remaining schizonts. The resulting 
pellets containing only uninfected erythrocytes and ring-stage para- 
sites (with <0.01% schizont contamination) were washed twice 
io scrum-tree medium and resuspended in ice-cold PBS containing 
protease inhibiton (PBS/PI). Saponin (10% wt/vol in PBS, BDH 
Ltd., Poole, UK) was added slowly with gentle mixing to a final 
concentration of 0.005%, and the suspension was incubated on 
ice until lysis began. An equal volume of PBS/PI was added, and 
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Summary 

The relevance of the antibody-dependent cellular inhibition (ADCI) of Plasmodium falciparum 
to clinical protection has been previously established by in vitro studies of material obtained during 
passive transfer of protection by immunoglobulin G in humans. We here report further in vitro 
investigations aimed at elucidating the mechanisms underlying this ADCI effect. Results ob- 
tained so far suggest that (a) raerozoite uptake by monocytes (MN) as well as by polymorphonuclear 
cells has little influence on the course of parasitemia; (t) the ADCI effect is mediated by a soluble 
factor released by MN; (c) this or these factors are able to block the division of surrounding 
intraerythrocytic parasites at the one nucleus stage; (d) the critical triggering antigen(s) targeted 
by effective Abs would appear to be associated with the surface of merozoites, as opposed to 
that of infected red blood cells; (e) the MN receptor for Abs effective in ADCI is apparently 
rVvRlI, and not RI; (f ) MN function is up- and down-regulated by interferon-7 and raterleukin 
4 respectively; and (g) of several potential mediators released by MN, only tumor necrosis factor 
(TNF) proved of relevance. The involvement of TNF in defense may explain the recently de- 
scribed increased frequency of the TNF-2 high-expression promoter in individuals living in en- 
demic regions despite its compromising role in severe malaria. 



The asexual blood stages (ABS) 1 of malaria parasites are 
the only stages responsible for the pathology of the dis- 
ease. They are also the most accessible to investigation, be- 
cause they are the only ones whose cultivation is easy. These 
stages have therefore been the subject of most of the studies 
of malaria aimed at understanding the basis of protective im- 
munity for vaccination purposes. Based on passive transfer 
of Abs, there is considerable in vivo evidence that IgG con- 
stitutes an efficient arm of the immune system against erythro- 
cytic stages in humans infected with Plasmodium falciparum 
(1-3), in South American monkeys infected with P falciparum 
(4), and in a number of primate and rodent models (for re- 
view see reference 5). How these Abs act upon ABS, how- 
ever, is far less dear, A number of hypotheses or beliefs have 
dominated the past decade, among which the inhibition of 
merozoite invasion is the most popular, together with a num- 
ber of alternative hypotheses such as the inhibition of cytoad- 



i Abbreviations used in this paper: ABS, asexual blood stage; ADCC, 
antibody-dependent cellular cytotoxicity; ADCI, antibody-dependent cel- 
lular inhibition; BHA, butylated hydroxyanisole; CL, chemilurninescence; 
CL1, CL index; DCLI, delta CL1; FOR, free oxygen radical; HI-lgG, 
hyperimmune IgG; l-NMMA, N c -monoraethyl-L-arginine; ML1, max- 
imum light intensity; MN, monocyte; N-IgG, control IgG; SIRBC, 
schizont-tnfected RBC; SGI, specific growth inhibitory index. 



herence (thought to lead to the destruction of schizonts in the 
spleen), the inhibition of scbizont-infecte^ RBC (SIRBC) 
rosetting, the inhibition of raerozoite dispersal, and opsoni- 
zation of SIRBC. 

Our initial observation that Abs from individuals with ac- 
quired protective immunity against ABS had no direct an- 
tiparasite effect in vitro led us to investigate other modes of 
action. We reported an Ab-dependent cellular cytotoxicity 
(ADCC)-like effect exerted by blood monocytes (MN), which 
was named Ab-dependent cellular inhibition (ADCI) to reflect 
the fact that the readout was an inhibition of parasite growth. 
The relevance of the MN -mediated ADCI observed in vitro 
was further validated by close in vivo/in vitro correlations: 
A strong ADCI effect could be elicited only by protective 
Abs, ix., Abs whose clinical effect had been demonstrated 
by passive transfer in humans. Conversely, the preexisting 
Abs that proved clinically ineffective in the same individuals 
upon the same strains did not promote ADCI (6). The con- 
cept of Abs being effective by cooperation with effector cells 
was further supported by isotype studies showing a dear corre- 
lation between the ratio of cytophilic/noncytophilic Abs and 
the clinical status of protection (7). 

In parallel with studies aimed at using this assay to iden- 
tify protective antigen(s) (8), we have focused on the study 
of the ADCI mechanism itself. The present report summa- 
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The 19-kDa conserved C-terrainal part of the Plasmodium falciparum merozoite surface protein 1 (P£MSP1 19 ) 
is a malaria vaccine candidate antigen, and human antibody responses to PfMSPl „ have been associated with 
protection against clinical malaria. In this longitudinal study carried out in an area of stable but seasonal ma- 
laria transmission with an estimated parasite inoculation of about 20 infective bites/year, we monitored 266 3- 
to 15-year-old Ghanaian children clinically and parasitologically over a period of 18 months. Blood samples 
were collected at the beginning of the study before the major malaria season in April and after the season in 
November. Using enzyme-linked immunosorbent assay, we measured antibody responses to recombinant 
glutathione 5-transferase-PfMSPl 19 fusion proteins corresponding to the Wellcome and MAD20 allelic vari- 
ants in these samples. Prevalence of antibodies recognizing the Wellcome 19 construct containing both epider- 
mal growth factor (EGF) -I ike motifs in Wellcome type PfMSPl 19 was about 30%. Prevalence of antibodies to 
constructs containing only the first EGF domain from either Wellcome or MAD20 type PfMSPl 19 was about 
15%, whereas antibodies recognizing a construct containing only the second EGF domain of MAD20 type 
PfMSPl 19 was found in only about 4% of the donors. Neither the prevalence nor the levels of any of the anti- 
body specificities varied significantly with season, age, or sex. Significantly, and in contrast to previous reports 
from other parts of West Africa, we found no evidence of an association between antibody responses to PfMSPl 19 
and clinical protection against malaria. 



The asexual blood stages of the Plasmodium falciparum par- 
asite are responsible for the clinical manifestations of malaria, 
and attempts have consequently been made to identify asexual 
stage antigens that may be of importance in the development 
of protective immunity to the disease (43). One such well- 
characterized antigen is the P. falciparum merozoite surface 
protein 1 (PfMSPl), which is located on the surface of blood 
stage merozoites. It is synthesized as a 200-kDa protein during 
schizogony but processed into fragments with diverse molecu- 
lar weights, most of which are discarded before erythrocyte 
invasion (30). The final processing of the C-terrninal 42-kDa 
fragment yields a 33-kDa protein, which is shed, and a rela- 
tively conserved 19-kDa part (PfMSPl 19 ), which remains at- 
tached to the merozoite during erythrocyte invasion and is 
expressed by the parasite during the early ring stages (29). 
Antibodies against this fragment may block merozoite invasion 
of erythrocytes and also inhibit parasite multiplication inside 
the erythrocytes (28, 29). The objective of this study was to 
verify the previous finding of association between antibody 
responses to PfMSPl 19 and protection from clinical malaria 
(23) and to characterize how donor age and season influence 
the levels of these antibodies. 
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MATERIALS AND METHODS 

Study area. The study was conducted in Dodowa, a scmiruraj town approxi- 
mately SO km northeast of Accra, Ghana. It is predominantly a subsistence 
fanning community with a population of about 6,500. There are two rainy 
seasons in this area: a major rainy season from May to August, and a minor one 
occurring between October and November. This is followed by a relatively dry 
season from December to April. Malaria transmission is perennial, but is highest 
during or immediately after the major and minor rainy seasons (high- transmis- 
sion season) and lowest during the dry season (low-transmission season). It bas 
been estimated that individuals in Dodowa are exposed to about 20 infective 
bites per year, and 98% of the infections are due to P. falciparum (1). Dodowa 
can thus be described as an area of byperenderoic and seasonal malaria trans- 
mission. The transmission is stable since it does not vary considerably from year 
to year. 

Study population and clioleat surveillance. The study population consisted of 
a cohort of 300 schoolchildren, 3 to 15 years of age, of whom 54% were males 
and 46% were females. The cohort included between 13 and 37 children at each 
year of age. Informed parental consent was obtained after thorough explanation 
of all procedures involved in the study, which was approved by the Ghanaian 
Ministry of Health. The children selected were typed negative for sfckk cell trait 
prior to the start of the study in April 1994. The study was completed in August 
1995. During this period, the cohort was monitored clinically and parasitologi- 
cally with the help of six field assistants who were resident in the town. Each child 
was visited once a week; during each visit, information regarding the health 
status in the previous week was recorded on a standard questionnaire form, and 
measurement of axillary temperatures was determined with a digital thermom- 
eter. Blood slide samples for detection of parasitemia were made from children 
with temperatures of &37J*C and from children complaining of symptoms 
suggestive of malaria Parents were also instructed to bring sick children to the 
field assistants outside the weekly scheduled visits, for recording of temperature 
and blood sampling by fingerprick. Any child with detectable parasitemia aod 
fever was immediately treated with chloroquinc, but for the analysis of data 
individuals were considered to have malaria only if (i) they reported fever and/or 
bad a measured temperature higher of than 37.5'C and (u) they bad parasitemia 
of 5,000 parasiies/»U- For the duration of the study, blood slide samples were 
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Transposon Tn°i 7-LTV1 was used to produce a collection of Lactococcus lactis strains with fusion of a 
promoterless lacZ gene to chromosomal loci. Screening 2 t 500Tn°77-LTVl integrants revealed 222 that express 
P-galactosidase on plates at 30°C. Pulsed-field gel electrophoresis revealed Ta9i 7-LTV1 insertions in at least 
13 loci in IS strains analyzed. Integrants in which p-galactosidase expression was regulated by temperature or 
pH and/or arginine concentration were isolated. In most cases, the regulation observed on plates was repro- 
ducible in liquid medium. One integrant, PA170, produces p-galactosidase at pH 5.2 but not at pH 7.0, 
produces more p-galactosidase at 15*C than at 30*C, and has increased p-galactosidase activity in the 
stationary phase. DNA fragments potentially carrying promoters from selected Lactococcus lactis integrants 
were cloned in Escherichia coli. A new promoter probe vector, pAK80, containing promoterless p-galactosidase 
genes from Leuconostoc mesenteroides subs p. cremoris and the Lactococcus lactis subs p. lactis biovar diacetylactis 
citrate plasmid replication region was constructed, and the lactococcal fragments were inserted. Plasm id 
pAK80 was capable of detecting and discriminating even weak promoters in Lactococcus lactis. When inserted 
in pAKSO, the promoter cloned from PA170 displayed a regulated expression of p-galactosidase analogous to 
the regulation observed in PA170. 



Lactococcus lactis is an important industrial microorganism 
used to produce a variety of cheeses and cultured milk prod- 
ucts such as buttermilk Genetic modification of Lactococcus 
lactis may be desirable, for example, to improve the acid pro- 
duction, bacteriophage resistance, or production of flavor com- 
pounds by industrially important strains. A better understand- 
ing of the regulation of gene expression in this organism and a 
collection of regulated promoters would facilitate the desired 
modifications. 

Regulation of gene expression in Lactococcus lactis has been 
the subject of several studies (recently reviewed in references 
11 and 36). A variety of promoter selection vectors have been 
developed; these vectors allow detection of promoters in Lac- 
tococcus lactis following insertion of DNA fragments into a 
poly linker preceding a promoterless reporter gene (1, 6, 22, 31, 
33, 38). The function and regulation of these promoters were, 
in most cases, not elucidated. Several promoters from defined 
lactococcal genes have been shown to be regulated (9, 12, 15, 
35, 39). 

Accurate analysis of the regulation of gene expression is not 
always possible with multicopy systems. Several transposons 
carrying a promoterless reporter gene have been constructed 
and used as promoter probes in enterobacteria (3), allowing 
analysis of gene expression with one copy per chromosome. 
Youngman et al. (41) used the gram-positive Enterococcus 
faecalis trans poson TnP77 for studying the sporulation genes in 
Bacillus subalis. Recently, we reported that Tn917-lacZ deriv- 
atives, including TnP/7-LTVl (8) (Fig. 1) and TnP27-TV32 
(40), transpose in Lactococcus lactis and that the chromosome 
of this bacterium does not contain not spots for TnP77 inser- 
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lions (18). Ten Lactococcus lactis Tn977-TV32 integrants that 
express p-galactosidase, presumably as a result of fusion of 
chromosomal promoters to the lacZ gene, were isolated (18). 

In this paper, we describe the production of a collection of 
222 Lactococcus lactis Tn977-LTV1 integrants that express 
p-galactosidase (0-Gal*). Screening of integrants on plates for 
regulated expression of p-galactosidase was used as an initial 
step in identification of sites on the Lactococcus lactis chromo- 
some where regulated gene expression occurs upon gene in- 
sertion. Lactococcus DNA adjacent to the lacZ end of the 
trans poson from five Tn917-IacZ integrants was cloned in 
Escherichia coli. These integrants were chosen because p-ga- 
lactosidase expression responds to environmental factors rele- 
vant to production processes used in dairies. A new promoter 
probe vector, pAKSO, was constructed and shown to be more 
sensitive than pGKV210 (37) for promoter detection. Finally, 
we show that, when one of the promoters is inserted in pAKBO, 
regulation of gene expression is analogous to the regulation 
observed in the original TnP77-LTVl integrant 

(Preliminary results of this work were presented at the 
Fourth Symposium on Lactic Acid Bacteria, Noordweijker- 
hout, The Netherlands, September 1993, and at the ASM 
Fourth International Conference on Streptococcal Genetics, 
Santa Fe, N.Mex., May 1994.) 

MATERIALS AND METHODS 

Bacterial strains, culture media, reagents, and plasm Ids. Lactococcus lactb 
MG1363, MG1614 (14), and derivatives were routioely grown to M17 (34) 
containing 0.5% glucose instead of lactose at 30"C unless otherwise specified. £ 
coli DH5a (Life Technologies, Gaithersburg, Md) was cultured at 37*C in 
Luria-Bertani (LB) broth or LB agar (4). Erythromycin (ERY), chloramphenicol 
(CAM), irapicillin (AMP), o-niiropbenyl-^-o-gsJactopyraQOside (ONFG), and 
54)roxnch4^oro-3-indolvVp-D-gaJactopyraDOsidc (X-Gal) were purchased 
from Sigma Chemical Co. (St. Louis, Mo.). ERY was used for selection of 
pGKV210 and pAKSO derivatives in Lactococcus lactis at 5.0 and 1.0 pg/ml. 
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The cooperative effect between nonsensitized monocytes from normal individ- 
uals and malarial antibody in depressing parasite multiplication was investigated 
in an in vitro assay. The addition of purified normal monocytes to Plasmodium 
falciparum cultures in the presence of serum from immune individuals markedly 
inhibited the proliferation of the parasite in vitro: the parasitemia observed was 
about 22 times lower than that in the presence of immune serum alone! This 
cooperative effect was found to be effective over a wide range of monocyte/ 
erythrocyte ratios (1:10 to 1:160) and serum concentrations (1/10 to 1/80). 
Immunoglobulin G extracted on protein A-Sepharose was as effective as total 
se*Gm in this system. These data suggest that cooperation. between nonsensitized 
cells and immunoglobulins could be an important effector mechanism against P. 
falciparum parasites in vivo. 



The infection of humans by malaria parasites 
elicits an initial immune response, with specifi- 
cally sensitized T cells and high titers of anti- 
bodies, which is generally unable to control 
infection. However, in individuals repeatedly 
infected over several years, a state of incom- 
plete resistance, called pre munition, appears . 
very gradually. Despite extensive studies with 
laboratory models of malaria and, to a lesser 
extent, with humans, the mechanisms mediating 
protective immunity remain unknown. 

The main experiments from which important 
information has been gained concerning the ef- 
fectors of the immune response in humans are 
those of passive transfer. Immunoglobulin G 
(IgG) extracted from the serum of naturally 
immunized individuals caused a dramatic, fall in 
the number of asexual parasites when injected 
into nonimmune recipients (11, 19). Moreover, 
this protection seemed to be strain independent 
(20). However, upon addition of serum from 
immune individuals to Plasmodium falciparum 
cultures, we found (unpublished data), as have 
others (3, 23, 29), that antibody only partially 
decreased the multiplication rate and sometimes 
increased it, but never stopped in vitro prolifera- 
tion. 

Since immune IgG has proved to be more 
effective in vivo than in vitro, its effectiveness 
may be related to the involvement of other 
components of the immune system, particularly 
nonsensitized cell populations. Indeed, it has 
been shown recently (4) that addition of immune 
serum together with large numbers of lympho- 



cytes flymphocyte/target ratio = 50:1) inhibits 
markedly the in vitro proliferation of P. falci- 
parum. However, in this experiment the cells 
were isolated from malaria-sensitized individ- 
uals, and all mononuclear cell types, including 
lymphocytes, monocytes, and some polymor- 
phonuclear leucocytes, were used. On the other 
hand, we have previously shown, using an in 
vitro method, that human peripheral blood 
monocytes are involved in the clearance of the 
free blood stages of P. falciparum, the mero- 
zoites, after being armed in vivo (17) or in vitro 
(16) by cytophilic IgG from immune individuals. 

The present study was designed to investigate 
the effect of cooperation between normal mono- 
cytes and malarial antibodies on in vitro prolif- 
eration of P. falciparum in comparison to the 
effect of antibodies alone. 

MATERIALS AND METHODS 

Monocytes. The monocytes used in the inhibition 
assay were obtained from healthy individuals with no 
past history of malaria. Mononuclear cells isolated 
from heparinized blood by use of a high-density Ficoll- 
Hypaque gradient (2) were separated into two popula- 
tions based on their ability to adhere to serum-coated 
plastic dishes (18). After three washes of the dishes 
with cold culture medium, the cell population adhering 
to the culture dish consisted of 90 to 95% monocytes, 
and the remaining cells were lymphocytes and neutro- 
phils. Viability, measured by dye exclusion, ranged 
from 85 to 95%. 

Sera.- Sera containing malarial antibodies were col- 
lected from 10 West African adults who were selected 
because they had been continuously exposed to malar- 
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We have evaluated in in vitro conditions the possible cooperative effect of antimalarial antibodies with several 
human blood cell types. When used alone, immunoglobulin G from African adults who had reached a state of 
premunition against malaria was found to have no or very limited direct effect on invasion and multiplication 
of P. falciparum asexual blood stages. In contrast, these antibodies induced a marked specific inhibition of 
parasite growth in the presence of normal blood monocytes, and the inhibition did not appear to be strain 
dependent. No similar antibody-dependent celluldr inhibitory effect was found using human blood polymor- 
phonuclear leukocytes, lymphocytes, platelets, or adherent spleen cells. However, these cells could all exert in 
vitro some non-antibody-dependent inhibitory effect when present at high effector/target cell ratios. 



In human malaria, relatively few data are available on the 
effectors of the immune system in subjects who have 
reached a state of premunition. Nevertheless, the involve- 
ment of antibodies has been clearly established in three 
separate in vivo experiments examining more than 30 sub- 
jects: when immune immunoglobulin G (IgG) from protected 
adults was injected into nonimmune children, Plasmodium 
falciparum parasitemia decreased markedly (10, 12, 19). 

Once a cultivation method for P. falciparum asexual blood 
stages was established, it provided a means to modelize 
under in vitro conditions the mechanisms underlying the 
observed in vivo effect. Our previous studies in vitro did not 
indicate that antibodies from protected subjects had any 
major direct effect on the asexual blood stage cycle. Rather, 
these studies clearly suggested that IgG cooperates with 
blood monocytes in an antibody-dependent cellular cytotox- 
icity (ADCC) mechanism (17). 

In the present study, we investigated the possible involve- 
ment of other blood and tissue cell types in ADCC by 
comparing the effects of these cells with those of antibodies 
alone. Because of the relative fragility of infected erythro- 
cytes (RBC), classical ADCC assays could not be carried out 
in a reliable way. The cytotoxic effect was in fact measured 
indirectly by assessing in vitro parasite growth. Therefore, 
the assay will thereafter be called ADCI (antibody-depen- 
dent cellular inhibition). 

MATERIALS AND METHODS 

Sera. We studied 34 sera which presumably contained 
protective antibodies since they were obtained from immune 
African adults. The premunition state of the donors was 
defined on clinical and epidemiological grounds, namely, 
continuous exposure to malaria since childhood in the ab- 
sence of any preventive measures, such as drug prophylaxis, 
or control measures against mosquitoes. 

IgG was prepared from 16 of these sera by ion-exchange 
chromatography on DEAE-trisacryl (IBF) in Tris hydrochlo- 
ride (pH 8.2) buffer. The IgG fraction was thereafter dialysed 
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with RPMI, concentrated to the original serum volume, and 
sterilized on 0.22-u.m-pore-size Mtllex filters. Immunofluo- 
rescence was used to check the titer of antimalarial antibod- 
ies in the IgG prepared. 

Control sera and control IgG were obtained (i) from 
healthy French blood donors with no history of malaria, and 
(ii) from P. falciparum primary attack cases in French 
travellers, collected during or shortly after the attack (such 
individuals have high antibody titers but have no clinical 
protection against reinfection). Control samples were kept in 
similar conditions (at -20°C) and for about the same dura- 
tion as the African sera. 

P, falciparum growth inhibition assay. We used two African 
strains (UPAS and NF 54) and one Thai isolate (FCPS-T23) 
of P. falciparum. The strains were cultured in RPMI medium 
plus 10% human serum as described (17) and were used 
within 2 months after thawing of the stabilates. Both NF 54 
and FCPS-T23 strains retained their ability to form knob 
protrusions at the RBC membrane level, as shown by 
electron microscopic studies (P. Oliaro et al., unpublished 
data). Only those cultures with a high in vitro rate of 
proliferation were used in the inhibition assays. 

The effects of patient serum, of purified IgG, of cells 
alone , and of cells and antibodies upon P. falciparum growth 
were assessed in 48-h cultures of P. falciparum without 
medium replacement, performed in 24-well plates containing 
0.5 ml of medium per well. Unless otherwise stated, cultures 
were asynchronous, the initial parasitemia was 0.3 to 0.5%, 
and the hematocrit was 2%. Patient serum as control serum 
was added to RPMI medium at a concentration of 10%, and 
IgG was added at a final concentration corresponding to 10% 
of its original concentration in the donor serum, with 10% 
normal culture serum. The number of effector cells in each 
well is expressed here as a ratio with relation to total RBC 
and not to infected RBC, since the latter varied during the 
culture period. We used effector cells at ratios of 1/10 to 
1/200 RBC (except for platelets, added at ratios of 1/1 to 1/40 
RBC). Each plate included as controls normal human serum 
(or IgG from normal subjects plus 10% normal serum), 
patient serum alone (or IgG from patient serum plus 10% 
normal serum), and effector cells with normal serum (or 
effector cells with normal IgG plus 10% normal serum). 
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